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Bacterial superantigens (BSAgs) cause massive stimulation of the immune system and are associated with
various pathologies and diseases. To address the role of antibodies in protection against BSAgs, we screened
the sera of 29 human volunteers for antibodies to the SAgs staphylococcal enterotoxin A (SEA), SEB, SEC1,
and toxic shock syndrome toxin 1 (TSST-1). Although all volunteers had detectable levels of antibodies against
SEB and SEC1, many (9 out of 29 volunteers) lacked detectable antibody to SEA or had minimal titers.
Antibody titers to TSST-1 were well below those to SEB and SEC1, and three volunteers lacked detectable
antibody to this BSAg. In addition, pooled immunoglobulin preparations obtained from different companies
had antibody titers against SEs and TSST-1. There was a good correlation between antibody titers and
inhibition of superantigenic effects of these toxins. Transfer of SEB-specific antibodies, obtained from pooled
sera, suppressed in vitro T-cell proliferation and totally protected mice against SEB. These data suggest that
the inhibitory activity of human sera was specific to antibodies directed against the toxins. Thus, it may be
possible to counteract with specific antibodies BSAg-associated pathologies caused by stimulation of the

immune system.

Bacterial superantigens (BSAgs), such as staphylococcal en-
terotoxins (SEs) and toxic shock syndrome toxin 1 (TSST-1),
are pyrogenic virulence factors produced by Staphylococcus
aureus (9, 11, 13, 26). These microbial SAgs bind to both
human major histocompatibility antigen class II molecules on
the surface of antigen-presenting cells and germ line-encoded
variable domain sequences of the specific T-cell receptor vari-
able B chain on T lymphocytes (9, 11). Thus, BSAgs bypass the
normal antigen-specific restrictions by creating a wedge be-
tween T-cell receptor and class IT molecules and hence activate
significantly greater numbers of T lymphocytes. The majority
of stimulated T cells are programmed to acquire susceptibility
to cell death by Fas- and Fas ligand-mediated apoptosis, or
alternatively they enter into a state of specific nonresponsive-
ness (anergy), which may last for several months after the
initial encounter with the BSAg. The activation of antigen-
presenting cells and T cells results in production of patholog-
ical levels of proinflammatory cytokines that contribute to sev-
eral serious pathologies and lethal toxic shock syndrome (11,
17, 22, 26).

Low serum antibody titers to BSAgs have been associated
with the recurrence of toxic shock syndrome (10, 23, 28). Vac-
cination with nonsuperantigenic forms of BSAgs mitigates
many of the symptoms of SE exposure (4, 14, 27). Vaccinated
animals had high protective antibody titers against SEs and
were fully protected against lethal challenge (4, 27). Thus,
antibody responses may play a major role in protection against
BSAgs. Here, we studied the prevalence of anti-SE and anti-
TSST-1 antibodies in normal human volunteers and several
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pooled intravenous immunoglobulin (IVIG) products and ex-
amined if there is a correlation between antibody titers and
suppression of T-cell responses to BSAgs. In addition, we
evaluated the efficacy of SEB-specific antibodies obtained from
pooled immunoglobulin against lethal doses of SEB in an in
vivo model.

MATERIALS AND METHODS

Human sera and immunoglobulin. Volunteers, recruited from the laboratory,
clerical, and maintenance staffs, were all in good health and ranged from 18 to
59 years old. All gave written informed consent to participate in this study, which
was approved by the institutional human use committee. Participation and re-
sults were coded for purposes of maintaining confidentiality. Blood was col-
lected, and serum was separated by centrifugation and frozen at —70°C until
tested.

Anti-SEB human hyperimmune globulin (SEBIGH) was obtained from Hy-
land Laboratories, Los Angeles, Calif. (lot 750A15; 150 mg/ml; cold ethanol
fractionation; Cohn/Fraction 2). This preparation was obtained from serum
collected by repeated plasmaphoresis from 10 volunteer donors with high titers
of antibody to SEB. Pooled IVIG (Venoglobulin-S; 50 mg/ml; 99% immuno-
globulin G [IgG]) was a gift from Alpha Therapeutic Corp. (Los Angeles, Calif.).

BSAgs and LPS. SEA, SEB, SECI1, and TSST-1 were purchased from Toxin
Technology (Sarasota, Fla.). Each toxin was judged to be greater than 95% pure
by electrophoresis on sodium dodecyl sulfate-5 to 20% gradient polyacrylamide
gels. The toxins were prepared in phosphate-buffered saline (PBS) (140 mM
NaCl, 50 mM Na,H,POs, pH 7.4). Escherichia coli 055:B5-derived lipopolysac-
charide (LPS) was obtained from Difco Laboratories (Detroit, Mich.) and re-
constituted with PBS. Aliquots were stored at —70°C for future use.

Antitoxin antibodies. Serum antibody titers against the enterotoxins or TSST-1
were determined by enzyme-linked immunosorbent assay (ELISA) as previously
described (4). Serial dilutions of 1:4 or 1:8 (starting at a 1:100 dilution) of the
each serum sample in triplicate were examined, and after addition of peroxidase-
labeled mouse anti-human IgG, Fe-specific antibody (Accurate Chemical, West-
bury, N.Y.), and the substrate 2,2’-azino-di(3-ethybenthiazoline sulfonate)
(ABTS) (Kirkegaard and Perry Laboratories, Gaithersburg, Md.), absorbance
was determined at 410 nm after 15 to 30 min in a microplate reader. Between
each step, all wells were washed four times with PBS containing 0.2% Tween 20.

T-lymphocyte proliferation assay. Peripheral blood mononuclear cells were
isolated from heparinized blood of healthy humans by Ficoll gradient centrifu-
gation. Isolated peripheral blood mononuclear cells were washed three times in
RPMI 1640 medium. The cell pellet was resuspended in RPMI 1640 with 5%
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TABLE 1. BSAg-specific serum IgG responses of volunteers
measured by ELISA
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TABLE 2. Reactivity of pooled human immunoglobulin
preparations to different BSAgs

No. of volunteers with titer against:

Titer” against:

Titer” Source
SEA SEB SEC TSST-1 SEA SEB SEC1 TSST-1
ND? 9 0 0 3 Pooled IVIG 400 12,800 12,800 1,600
50 10 3 2 7 SEBIGH ND? >12,800 >12,800 400
400 9 12 10 16 : . .
1.600 1 12 14 2 “ Data are presented as the reciprocal dilution resulting in an absorbance
12’800 0 2 3 1 reading two times higher than that for the negative control (ELISA wells con-

“Serum titers measured by ELISA. Data are presented as the reciprocal
serum dilution resulting in an absorbance reading two times higher than that for
the negative control (ELISA wells containing either no BSAg or no serum).

> ND, not detected (<50).

fetal bovine serum (FBS), and 100 1 of the cell suspension (10° cells) was added
to triplicate wells of 96-well flat-bottom plates containing 50 wl of diluted human
sera, affinity-purified anti-SEB antibody, or medium control. Fifty microliters of
SEA, SEB, SECI, or TSST-1 was added to each of triplicate wells. The cultures
were incubated at 37°C in an atmosphere of 5% CO,-95% air for 3 days and with
1 pCi of [*H]thymidine (Amersham, Arlington Heights, IIL.) for 12 h before
harvesting onto glass fiber filters. The amount of [*H]thymidine incorporation
was measured with a liquid scintillation counter.

Affinity purification of human anti-SEB antibodies. SEB was coupled to cy-
anogen bromide-activated Sepharose 4B (Sigma Chemical Co., St. Louis, Mo.)
according to the manufacturer’s directions. Affinity purification was performed
on an EconoSystem (Bio-Rad, Melville, N.Y.). Absorbance was monitored at 280
nm. SEBIGH was diluted to 1 mg/ml with PBS and passed over the SEB column.
The column was washed with PBS until the absorbance returned to baseline, and
the bound antibody was eluted with 0.1 M glycine (pH 2.5). The antibodies were
dialyzed extensively against PBS, and the amount of protein was measured. More
than 99% of the specific antibodies to SEB were depleted from SEBIGH after
several passages of the sera over the immunoaffinity column (data not shown).

Mice and passive protection assay. Pathogen-free BALB/c mice, 10 to 12
weeks old, were obtained from Harlan Sprague-Dawley, Inc. (Frederick Cancer
Research and Development Center, Frederick, Md.). Mice were maintained
under pathogen-free conditions and fed laboratory chow and water ad libitum.
For passive transfer studies, 10 (=2.0 pg/mouse) or 100 (=20 pg/mouse) 50%
lethal doses (LDs,) of SEB were incubated with unpurified sera (500 wl), 200 wl
of affinity-purified anti-SEB antibody (150 pg), 400 pl of nonspecific antibody
(150 pg), or 200 pl of PBS. Mice were injected intraperitoneally with the mixture
and, 3 h later, with 70 pg of LPS, as previously described (4). Deaths were
recorded after 4 days. Challenge controls were mice injected with either LPS or
SEB (no death was observed).

Statistical methods. For the T-cell proliferation assay, mean values and stan-
dard deviations were compared using Student’s ¢ test. Final lethality was statis-
tically scored using Fisher exact tests.

RESULTS

Presence of anti-BSAg antibodies in human serum. Tables 1
and 2 illustrate levels of binding to SEA, SEB, SECI1, and
TSST-1 for serum samples obtained from volunteers and two
pooled immunoglobulin products. All of the sera tested had
moderate to high levels of antibodies against SEB, and SEC1.
In sharp contrast to the case for SEB and SECI, nine of the
volunteers lacked detectable anti-SEA titers, and the majority
of the remaining individuals had low titers for this SAg (Table
1). This observation is in total agreement with previous studies
showing that pooled human sera reacted weakly with SEA
(24). Although three individuals lacked responses to TSST-1,
their overall titers were higher than those for SEA. Interest-
ingly, pooled IVIG obtained from a commercial source showed
results similar to those for sera obtained from volunteers (Ta-
ble 2). For pooled IVIG, titers to SEB and SEC1 were
1:12,800, and titers against SEA and TSST-1 were lower (1:400

taining either no BSAg or no serum).
® ND, not detected (<100).

and 1:1,600, respectively). As expected, SEBIGH had the high-
est titers against SEB and lower titers against TSST-1, and
anti-SEA antibodies were undetected in this preparation. This
product also contained large amounts of anti-SEC1 antibodies.
Although SEBIGH was obtained from individuals with high
titers against SEB, we showed that antibodies against this SAg
cross-reacted and possibly neutralized toxic effects of other
BSAgs (6).

High anti-BSAg antibody titers neutralized T-cell re-
sponses. We next investigated if there is a positive correlation
between antitoxin titers and inhibition of human T-cell re-
sponses to BSAgs. Sera from volunteers with titers of 1:100,
1:400, 1:1,600, or 1:12,800 were pooled and then tested for
their ability to inhibit T-cell responses to SEA, SEB, SECI,
and TSST-1 (Fig. 1). Compared to FBS, which does not con-
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FIG. 1. Inhibition of T-lymphocyte responses to BSAgs by pooled
sera. Sera from individuals with the same titer were pooled and tested
for inhibition of BSAg activities. Results are represented as mean
counts per minute (*+ standard deviation) for triplicate wells incubated
with 100 ng of SEA, SEB, or SEC1 per ml or 1 ng of TSST-1 per ml
for 72 h and then pulsed-labeled for 12 h with [*H]thymidine. Control
values (incorporation of [*H]thymidine for cultures that contained
10% FBS and BSAg) were 28,078 * 2,658, 29,496 = 1,702, 32,439 +
5,405, and 19,961 * 2,559 cpm for SEA-, SEB-, SEC1-, and TSST-1-
treated cultures, respectively. The P value was <0.001 for all experi-
ments except for the 1:100 dilution of anti-SEB and anti-SEC1 sera,
compared to cultures that were stimulated with the corresponding
BSAg in presence of FBS. The P value was <0.05 for the 1:100 dilution
of anti-SEB and anti-SEC1 sera compared to cultures that were stim-
ulated with SEB in presence of FBS.
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TABLE 3. Protection induced by transfer of anti-SEB antibodies”

No. live/no. dead after challenge with:

Therapy 10 LDs, 100 LDs,
0Oh 4h 10 h 0Oh 4h 10 h
Eluate (specific) 10/0°  10/0°  5/5  10/0° 100 2/8
Unpurified SEBIGH  10/0>  9/1*  1/9 7/3° 467 0/10
Flowthrough 0/10  0/10 ND* 1/9 0/10 ND
Buffer 0/10 0/10 ND ND ND ND

“ Mice (10 per group) were challenged with 10 or 100 LDs, of SEB at the same
time as the therapy, or therapy was initiated 4 or 10 h after toxin injection. A
potentiating dose of LPS was given to mice 3 h after SEB injection. Mice were
observed for 96 h after the challenge. Controls included age-matched mice that
received LPS or SEB alone (no lethality was observed).

> P < 0.001 versus nonspecific flowthrough IgG.

¢ P = 0.02 versus nonspecific flowthrough IgG.

@ P = 0.09 versus nonspecific flowthrough IgG.

¢ ND, not determined.

tain detectable antienterotoxin or anti-TSST-1 antibodies, all
human volunteer sera tested suppressed BSAg-induced T-lym-
phocyte proliferation (5). Sera from different groups varied in
their ability to neutralize BSAgs. For the SEA, SEB, and
SECI, there was a very good correlation between titer and
inhibition of T-lymphocyte responses to the corresponding
SAg (Fig. 1). Although pooled sera obtained from high-titer
individuals had a much larger capacity to inhibit responses to
TSST-1-induced T-lymphocyte proliferation than those from
low-titer individuals, there was a lesser correlation between the
ability of each group of sera to inhibit T-cell stimulation.

In vivo protection against BSAg is mediated by specific
antibody. To remove the effect of anticytokine and other po-
tential nonspecific neutralizing activities commonly found in
pooled sera or IVIG products (1-3), we affinity purified anti-
SEB antibodies. This product was then tested for its ability to
neutralize the lethal effect of the toxin in a previously estab-
lished animal model (22). Mice were given a lethal dose of SEB
in addition to a potentiating dose of LPS and one of the
following: unpurified SEBIGH, nonspecific antibodies
(flowthrough), anti-SEB specific antibodies (eluate), or buffer
(Table 3). As expected, the unpurified pooled sera contained
some neutralizing antibodies against SEB. When antibodies
were injected concomitantly with the toxin, both unpurified
antibodies and the affinity-purified antibody preparation fully
protected the mice against low doses of SEB (P < 0.001 versus
nonspecific flowthrough IgG). Because of the limited amounts
of protective antibodies in the unpurified fraction, less protec-
tion was afforded to mice that received higher dose of the
toxin. Mice that received 100 LDs, of the toxin and unpurified
antibodies had 70% survival (P = 0.02 versus nonspecific
flowthrough).

To further understand the kinetics of protection, we pas-
sively transferred specific or nonspecific antibodies to mice at
4 and 10 h after SEB challenge and scored the lethality at 4
days. When treatment was delayed for 4 h, only specific anti-
body completely protected the animals, regardless of the chal-
lenge dose, perhaps because of the larger amounts of the
specific antibodies. However, a 10-h delay in administration of
therapy substantially decreased survival. In these groups, pu-
rified anti-SEB antibodies protected 50 and 20% of mice
against 10 and 100 LDy, respectively. We observed 90% sur-
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vival in mice that were challenged with 10 LD, and given a
rescuing dose of unpurified pooled immunoglobulin 4 h later.
At the higher challenge dose, survival was reduced to 40%
(P = 0.09 versus nonspecific flowthrough) when treatment with
the protective antibodies was delayed by 4 h. If treatment with
unpurified antibody was delayed by 10 h, little to no survival
was observed. The flowthrough fraction that contained no de-
tectable antibodies against SEB was not protective.

These data suggest that the protective effect of pooled IgG
against BSAgs was localized within the specific antitoxin IgG
fraction and indicate that there is a window of opportunity for
therapy after BSAg exposure. In these experiments we also
attempted to correlate the concentration of specific anti-SEB
antibodies required for T-cell activation with the amount
needed for protection against SEB-induced lethality. However,
this was extremely difficult to examine because cross-reactive
and possibly neutralizing heterologous anti-SE antibodies
(such as anti-SECI to -3) that coeluted with anti-SEB also
protect mice against SEB challenge (reference 6 and unpub-
lished data).

DISCUSSION

Several published reports have documented therapeutic uses
of IVIG against BSAg-induced toxic shock syndrome (12, 16,
20) and many other infectious agents (18, 19, 21). However, in
many cases the exact mechanisms of immunoglobulin therapy
remain unestablished. Previously, Takei and colleagues used in
vitro methods to show that IVIG contains anti-SE antibodies
that suppress SE-induced T-cell stimulation (24). These inves-
tigators suggested that inhibition of T-cell responses was due
to specific suppression of binding or T-cell recognition of the
BSAg. Other studies demonstrated that cytokine suppression
was intimately linked to the ability of IVIG to neutralize the
BSAgs (7, 8, 25). In one study, in vitro treatment of mononu-
clear cells with IVIG substantially inhibited the release of
inflammatory cytokines (interleukin-6 and tumor necrosis fac-
tor alpha) induced by SEB (25). Interestingly, more recent
studies showed that IVIG decreased in vitro SEB-induced T-
cell responses without significant suppression of gamma inter-
feron or tumor necrosis factor alpha release (7).

In these studies antibody titers against BSAgs in the IVIG
preparations were not determined. This is extremely important
because variations in titers against BSAgs among different lots
of IVIG have been reported (15). Fluctuations in titers may
have altered the outcome of the experiments and make it very
difficult to compare the different studies (7, 8, 21, 23). More-
over, in previous studies the efficacy of IVIG preparations in
vivo was not examined and in vivo protection studies were not
performed.

Here, we showed that the majority of population tested had
measurable amounts of anti-SE antibodies, and a good corre-
lation between serum antibody titers and inhibition of T-cell
induction by the BSAgs SEA, SEB SECI1, and TSST-1 was
observed. Although the exact mechanism(s) by which IVIG
inhibits BSAg actions is unknown, in this study we clearly
demonstrated that only specific antibody against SEB obtained
from pooled IgG protected mice from a high lethal dose of
SEB. The nonspecific antibodies in the pooled sera showed no
protection against SEB challenge. The specific antibodies, but
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not the unpurified SEBIGH, fully protected mice against a
high dose of SEB for up to 4 h (Table 3). Interestingly, when
rhesus monkeys were given anti-SEB antibodies 20 h after a
lethal challenge of SEB, the antibody preparations fully res-
cued the monkeys (unpublished observation). In the LPS-po-
tentiated mouse model, SEB-induced lethality is observed
within the first 12 h (perhaps because of robust release of
cytokines). Lethality in rhesus monkeys is observed at later
times, and this may explain the differences in the therapeutic
window for mice and rhesus monkeys (unpublished observa-
tions).

In conclusion, our data suggest that immunotherapy against
BSAgs could be initiated a few hours following the exotoxin
release. Furthermore, the experiments presented in this study
identified a possible use of a mouse surrogate assay as a cor-
relate of immunity and T-lymphocyte proliferation studies as
biomarker and surrogate end points for assessing in vivo bio-
logical responses in humans and may be relevant to BSAg-
associated clinical toxicity. These types of models potentially
can facilitate transition and evaluation of therapeutic antibod-
ies against BSAgs.
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